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The recently developed magic-intensity trapping technique of neutral atoms efficiently mitigates the detrimental effect
of light shifts on atomic qubits and substantially enhances the coherence time. This technique relies on applying a bias
magnetic field precisely parallel to the wave vector of a circularly polarized trapping laser field. However, due to the
presence of the vector light shift experienced by the trapped atoms, it is challenging to precisely define a parallel magnetic
field, especially at a low bias magnetic field strength, for the magic-intensity trapping of 3Rb qubits. In this work, we
present a method to calibrate the angle between the bias magnetic field and the trapping laser field with the compensating
magnetic fields in the other two directions orthogonal to the bias magnetic field direction. Experimentally, with a constant-
depth trap and a fixed bias magnetic field, we measure the respective resonant frequencies of the atomic qubits in a linearly
polarized trap and a circularly polarized one via the conventional microwave Rabi spectra with different compensating
magnetic fields and obtain the corresponding total magnetic fields via the respective resonant frequencies using the Breit—
Rabi formula. With known total magnetic fields, the angle is a function of the other two compensating magnetic fields.
Finally, the projection value of the angle on either of the directions orthogonal to the bias magnetic field direction can be
reduced to 0(4)° by applying specific compensating magnetic fields. The measurement error is mainly attributed to the
fluctuation of atomic temperature. Moreover, it also demonstrates that, even for a small angle, the effect is strong enough
to cause large decoherence of Rabi oscillation in a magic-intensity trap. Although the compensation method demonstrated
here is explored for the magic-intensity trapping technique, it can be applied to a variety of similar precision measurements

with trapped neutral atoms.

Keywords: quantization axis, trapping laser, angle, compensating magnetic fields

PACS: 37.10.Jk

1. Introduction

Single neutral atoms in tightly focused optical dipole
traps (ODTs) are being intensively developed for studies
of quantum simulation!!?! and quantum computation.3-%1 A
practical quantum simulator or computer relies on coherent
manipulation of quantum bits (qubits). Moreover, coherence
times are of great importance for applications in the fields of
quantum metrology!”! and precision measurements.!'% Al-
though atomic states have excellent coherence properties in
an isolated environment, the inherent differential light shifts
(DLSs) of neutral atoms in optical tweezers induced by the
trapping laser field cause a strong inhomogeneous dephas-
ing effect.[!=14] To suppress this detrimental effect, a magic-
intensity trapping technique was developed recently!'>! and
used extensively.[10-18]

In order to create effective magic-intensity trapping for
microwave clock transitions, an external bias magnetic field
B,y is arranged to be strictly parallel to the circularly polar-
ized trapping laser field. In this way, the trapping laser field
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induces a fourth-order hyperpolarizability 84 that is expressed
in terms of the degree of circular polarization, hyperfine split-
ting and the vector polarizability of the ground state, which
makes the DLS dependence on the trapping laser intensity
parabolic. Owing to the parabolic dependence, at a magic-
intensity trap depth, the first-order sensitivity of the DLS to
the trapping laser intensity variations from the whole ODT
volume is eliminated so that the coherence time of 8’Rb qubits
is substantially enhanced!">! and the coherence times of the
mixed-isotope qubits are substantially enhanced and balanced
to be nearly 1 s.[!8] Different from the widely used linear po-
larization trapping laser, for atoms in the circularly or ellipti-
cally polarized magic-intensity ODTs, trapping laser fields in
general give rise to vector light shifts that are equivalent to the

19301 scaling linearly

effect of a fictitious magnetic field Bt
with the trap depth. If the By;,s defined quantization axis is not
aligned with the trapping laser, the total magnetic field com-
bined with By and By, will vary with the trap depth. Dur-

ing the measurement of the DLS parabolic curve by conven-
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tional Ramsey interferometry for the magic-intensity trapping
of 83Rb qubits, microwave radiation is used to coherently ma-
nipulate the clock transitions of the ground states. With a fixed
microwave antenna, the projection value of microwave power
on the total magnetic field also varies with the trap depths, re-
sulting in an inconsistency of Rabi frequencies between the
ground states in ODTs with different trap depths. In turn,
the difference in Rabi frequencies leads to imperfect measure-
ments of the conventional Ramsey interferometry, which is
detrimental to the accurate measurement of hyperpolarizabil-
ity. In addition, fluctuations of the microwave power may also
cause large errors in the coherent manipulation of single qubits
in the magic-intensity ODT array.['%] Therefore, it is crucial to
calibrate the angle accurately.

Since it is difficult to accurately measure the magnetic
fields in the ODTs by using a traditional magnetometer, re-
searchers have developed in situ measurement methods to
measure the magnetic field vector. In the study of optically
parallel readout of multiple qubits with high fidelity, the pres-
ence of atoms and their internal states are minimally altered

31321 1t i re-

by utilizing a circular polarization probe laser.!
quired that the propagation direction of the probe laser must
be strictly aligned with the quantization axis. A procedure
adapted from Ref. [33] was used to minimize the angle, which
uses the atoms themselves as probes to optimize the magnetic
field vector. The quantization axis is created by Bhy,,s along
the Z direction, further adjustment of the magnetic field by
the X—Y compensating magnetic fields is required. The 8’Rb
qubits are first optically pumped to |F =2, mp = 2) by a cir-
cularly polarized beam. One of the ¢.-polarized probe lasers
is tuned to |2) <> |2) and optically pumps the qubits into the
dark state |2, 2). When the alignment is optimal, the dark state
|2, 2) can only couple off-resonantly to |3, 3). If there is any
mismatch, the dark state |2, 2) mixes with the bright states and
scatters photons, eventually depumping into |1), which can be
measured by the destructive blow-away measurement. The op-
timum values for the X-Y compensating magnetic fields were
experimentally optimized by minimizing the survival proba-
bility such that only 13% of the qubits are transferred to |1).
In this in situ method they did not quantify the relationship be-
tween the angle and the X—Y compensating magnetic fields for
further adjustment of the quantization axis. Herein, we present
an in situ method to quantitatively calibrate the angle between
the quantization axis and the trapping laser with the compen-
sating magnetic fields in the other two directions orthogonal to
the Bhy;, direction.

This paper is organized as follows. We first briefly de-
scribe the compensation method. Subsequently, we introduce
the experimental setup for building an ODT to confine a sin-
gle 3Rb qubit and show the spatial position of the magnetic
fields. Then, we make use of the qubits as sensitive probes

to measure the respective resonant frequencies of the atomic
qubits in linearly and circularly polarized ODTs via conven-
tional microwave Rabi spectra with different compensating
magnetic fields and obtain the corresponding total magnetic
fields via the respective resonant frequencies using the Breit—
Rabi formula. With known total magnetic fields, the relation-
ship between the angle and the other two compensating mag-
netic fields is quantitatively obtained. Finally, we perform a
comparative experiment to verify the differences between the
calibrated and uncalibrated angles and the calibration accuracy
of the in situ compensating technique.

2. Experimental methods

As the idea of a fictitious magnetic field will be of great
importance to understand the compensating technique, we will
discuss this concept in detail. The ODTs rely on the intensity-
dependent energy shift of the atomic ground state for an atom
exposed to a trapping laser field, which is far-detuned with re-
spect to the atomic transitions of D lines. For an alkali-metal
atom in the ground state, the interaction Hamiltonian can be

approximated as!!%-2327]

[e* x| F

—_ 1
S (H

where ¢ and o, are the scalar and vector polarizabilities, re-

~ 1 .
V= —Zas|€|2+lav

spectively, € = €u with € and u being the field amplitude
and the polarization vector, respectively, and F' is the quantum
number for the total angular momentum. The effect of the vec-
tor light shift is equivalent to having an extra magnetic field,
which is called a fictitious magnetic field Bg. We obtain an
induction field by equating the shift to Zeeman shift

[e* x g]- F

iOCvT = grlp Bict - F. (2
Thus the equivalent By is given by
. e xe]
B =iy ——— 3
fict 10y 8gF,uBF ) 3)

with up as the Bohr magneton and gp as the hyperfine Lande
factor. The direction of the By is determined by the light
field vector i[e* x €], which is a real vector. Similar to a real
magnetic field, the By flips under time reversal. The max-
imal magnitude of the term i[e* x €] is obtained with a fully
circularly polarized ODT and is zero for a linearly polarized
trapping field. It is convenient to express the shift in terms
of the mean trap depth for ground states as U, = —1/40|e|?.
For the ground state of 83Rb qubits in an 830 nm circularly
polarized ODT, we calculate B, = —0.10(1) (G/MHz)-U,.
For an atom in the electronic ground state, the fictitious
magnetic field behaves in almost every respect like a real mag-
netic field. When an atom is in the hybrid real-fictitious field,
the total amplitude and direction of the field are under the rule
of vector operation. Thus, the By can be vector-added to the
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real magnetic field By, such that the atom is in total exposed
to the effective magnetic field Betf = Bfict + Breal, Which has

19.25,26,28.291 This was further sup-

been found in early works.|
ported in various experiments, demonstrating, for example,
optically induced spin precession and echoes in an atomic
beam, ??!1 an optical Stern—Gerlach effect from Zeeman-like
ac Stark shift,[>>3% and an optically induced fictitious mag-
netic trap on an atom chip.!?’!

In our experiment, we define the propagation direction of
the circularly polarized trapping laser to be Z-axis, which is
also the direction of By The axis of the Helmholtz coil pro-
ducing By is not perfectly aligned with the propagation di-
rection of the trapping laser, as shown in Fig. 1, so that the
quantization axis created by the By, is not parallel to the
trapping laser. Further adjustment of the quantization axis by
the compensating magnetic fields B, and B, in the other two
directions orthogonal to the Byj,s direction created by com-
pensating Helmholtz coils are required. Here, the three-axle
magnetic fields created by the Helmholtz coils are collectively
referred to as the external magnetic field Bey. The total mag-
netic field By in a circularly polarized trapping light field is

|Btot(Bbias;Bx>Bﬁct)|2 - ‘Bext(Bbiawa)lz - |Bﬁct|2

given by the expression
Biot = Bext + Bict- )

The square of the magnitude of the magnetic vector By is
written as
‘Btot‘z = |Bext+Bﬁct‘2
= [Bex|” + | Bsctl® + 2| Bext|| Bt cos(6), - (5)

thus cos(0) is given by

|Btol|2_|Bext‘2_|Bﬁct|2
cos(0) = , 6
) 2 Bow| Bral ©

where 0 is the angle between the By and By, as shown in
Fig. 1. This 0 is exactly the angle between the quantization
axis and the direction of the trapping laser. When ¢ = 0°,
the projection value of 6 on the Z—X plane is expressed as 0y,
which can be calibrated by the B,. Similarly, when ¢ = 90°,
the projection value of 8 on the Z-Y plane is expressed as 6,
which can be calibrated by the By. Equation (6) can be re-
solved into the following two parts with the parameters

0, = arccos [

2|Bext(Bbias ) Bx
‘Btot (Bbias 5 By 5 Bﬁct) |2 - ‘BeXt

1 Bael ] ’ @
(

0, = arccos [

For a given trap depth, the By, is a constant. Therefore,
the angle is stated as a function of the Bey and Byy. Ex-
perimentally, the qubits serve as sensitive probes for measur-
ing the By and By, which are inherently dependent on the
resonance frequencies of Zeeman-sensitive spectral transition.
The Beyx; (Bhot) can be accurately extracted from the measured
resonance frequency of Zeeman-sensitive spectral transition in
the linearly (fully circularly) polarized trap. Different values
of 6y (6,) are obtained by varying the B, (B,). The relation-
ship between 6, (6,) and B, (By) is quantitatively obtained.

3. Experimental setup

Figure 1 depicts the experimental setup and the spatial
position of the magnetic fields. The trapping laser propagates
along kopr, the long axis of the ODT, which is set to be the
Z-axis. In a circularly polarized ODT, the kopr is also the di-
rection of the Bg;. The Bey, making a polar angle 8 from
the Z-axis and an azimuthal angle ¢ from the X-axis, is com-
bined with B,, By and By, for shifting the atomic ensemble
and defining the quantization axis. The projection value of 6
onto the Z-X (Z-Y) plane is expressed as 6, (6,) by setting
¢ =0° (90°). The 6, (6)) can be calibrated by applying the

2|Bext(Bbias>By) | IBﬁCt‘

Bbiaszy)|2 — |Bﬁct|2] 8)

\
B, (B,), which is linear with the compensating Helmholtz

coil current Xeyrrent (Yeurrent). The SRb qubits are rotated by
microwave radiation, which is sent through a microwave an-
tenna that is placed at a fixed distance of 4 cm away from
the ODT. The experimental details on trapping and manipu-
lating a single 3°Rb qubit have been described in our previ-
ous work.[!'®! In brief, the single atom for encoding quantum
logical state is obtained by loading it into an 830 nm ODT di-
rectly from a magneto-optical trap (MOT) based on collisional
blockade mechanism.3*3] When a single atom is detected, it
is further cooled to about 14 uK with the standard optical mo-
lasses method in linearly polarized ODT with trap depth of
0.4 mK. We note that the polarization of the trapping laser is
actively engineered by incorporating a liquid crystal retarder.
Then the trapped atom is initialized into the hyperfine state
of [0) = [5sy5, F =2, mp = 0) with optical pumping. For
the state-selective detection after the manipulating, a circu-
larly polarized probe laser beam resonant with the transition
between [5sy /5, F = 3) and |Sp3/,, F = 4) is applied to push
out the atoms in the state |5s; 5, F' = 3). Whereas, the atoms in
the state [5s; », F' = 2) remain in the trap and contribute to the
fluorescence, which is collected by a single-photon counting
module.
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Trapping 4 Z
laser

B(‘xt

Microwave 0
antenna

Biice

v

Fig. 1. Experimental setup and spatial position of the magnetic fields.
The 8Rb atom (red dot) is trapped in an 830 nm ODT and coherently
manipulated with microwave radiation from a horn outside the vacuum
cell. The bias magnetic field By, is created by a leaning Helmholtz
coil. The compensating magnetic fields By and By are also created
by Helmbholtz coils, which are not shown here. The direction of the
external magnetic field Beyx (blue line) can point in any direction by
changing the B, and By. Note that the magnetic field values and the
angle shown here are not strictly to scale.

4. Results and discussion

For our compensation experiment, each experimental se-
quence starts by loading atoms into the MOT and transferring
them to the ODTs. Assuming that the trap depth is shallow,
the effect of By is not obvious. On the contrary, if the trap
depth is deeper, the atoms in the ODTs experience a higher
temperature, leading to an inhomogeneous light shift broad-
ening of the microwave spectrum for a ground-state hyperfine
transition. Therefore, the typical parameter for our trap depth
is h x (—1.2 MHz).

Taking the Byj,s to be about 0.60 G with a fixed
Helmholtz coil current, we measure the dependence of 6,
on the compensating Helmholtz coil current Xcyrrene. Firstly,
we set 40 mA for Y.ument, Which is an estimated value for
¢ = 0°, and measure the microwave resonant frequencies be-
tween Zeeman-sensitive hyperfine states |0) and [Ss; », F =3,
mp = 1) in linearly and circularly polarized ODTs. The mi-
crowave spectroscopy is driven by microwave radiation at
varying frequencies around 3.036 GHz. With eight different
values of Xcyrrent, €ight sets of microwave resonant frequen-
cies are measured, as shown in Fig. 2(a). Then, eight corre-
sponding groups of By (Bio) in linearly (fully circularly)
polarized ODTs, as shown in Fig. 2(b), are extracted from
the microwave resonant frequencies by using the Breit—Rabi

formula (AEmag (x) = AEgrs[a1Mpx + %\/ 1+ %cl)ﬁ- cox?
(x = woB/AEyrs))P%37! for sublevels of the two hyper-
When the difference between Bey; and

fine ground states.
Biot reaches the maximum, the By is parallel to the trap-
ping laser. We obtain that the B¢ = Biot — Bext 1S
0.12(2) G, which is consistent with the theoretical result
By, = —0.10(1) (G/MHz) x U, = 0.12(1) G. Finally, sub-

stituting the fitted values of B and By under the same
Xcurrent into Eq. (7) yields the dependence of 6, on Xcyrrent,
The 6,
scales linearly with the Xcyrent, and the fitted equation is
0, = —0.20(1) (°/mA) X Xcurrent +23(4)°. According to this
equation, we obtain that the calibrated value of 6, is 23(4)°.
When Xcyrrene is 115 mA, 6, is compensated to 0(4)°, which
means that the quantization axis is parallel to the trapping

which is shown in Fig. 2(c) with purple squares.

laser.

Accordingly, setting 115 mA for Xcyrent, Seven sets of
microwave resonant frequencies are measured, as shown in
Fig. 2(d). The fitted values of Bey and By under the same
Ycurrent, @s shown in Fig. 2(e), are collected in the same way
as above. The maximum difference between Beyx: and Byt i
0.12(0) G, which is also consistent with the theoretical result
0.12(1) G. Then, the dependence of 6, on Yeurent, Which is
shown in Fig. 2(f) with pink circles, is obtained though Eq. (8).
The 6 scales linearly with Ycyrent, and the fitted equation is
0, = —0.28(1)(°/mA) X Yeurrent +9(2)°. From this equation,
we obtain that the original 8, is 9(2)°. When Yeyprenc is 32 mA,
6, is compensated to 0(4)°.

In our experimental system, the calculated values of 0,
and 6y are 23(4)° and 9(2)°, respectively. With known 6 (6y),
we can obtain the projection value of any By, in the other
two directions orthogonal to the By,;,s direction and eliminate
the 0y (6)) by applying the compensating magnetic field B,
(By) in the equivalent direction. Naturally, the compensat-
ing current Xcyrrent (Yeurrent) 1S obtained based on the linear re-
lationship between the compensating magnetic field By (By)
and the compensating Helmholtz coil current Xcyrrent (Yeurrent)-
In addition, an estimation of the angle between the other two
compensating magnetic fields By and B, is (90£10)°, which
is obtained by comparing the By, from Figs. 2(b) and 2(e).

To understand the sources contributing to the above-
accumulated error of 6, (6,), we examine four main sources
of error during the measurement of the magnetic fields in our
experiment.

(1) The temperature fluctuation of the atoms As a ther-
mal ensemble with the temperature of T, the atoms possess an
average potential energy of 3k37,/2. The average trap depth
U, seen by the thermal atoms fulfills U, = hUy + 3x37,/2,
where Uj is the dipole potential at the bottom of the trap. Dur-
ing the experimental sequence, the temperature with a fluc-
tuation of 10% is obtained using the release and recapture
method. It introduces a 3% fluctuation in the Bgg, which is
proportional to the trap depth U,. So the maximum fluctuation
of the cos(0) is 3%, which is the same order of magnitude as
the calculated value of 6y (6y).

(2) Fluctuations in the background magnetic field Us-
ing a flux-gate magnetometer, we measured a peak-to-peak
value of the magnetic field (with fluctuations of ~ 1.0 mG)
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dominated by components at 50 Hz. This fluctuation of the  tuation of By and 1%o fluctuation of Bey. These parameters

background magnetic field in all directions introduces 1% fluc-  introduce the maximal fluctuation of the cos(6) up to 15%e.

N 3036.30 40 v
; 1.2 (b) o By -(c) B0, :;}1{.20(1)&;;;\){
< 20 \
% 3036.20 1.0 0 _(115,0)
° > :
= >
< 3036.10 Q0.8 = 20 .
o
g —40
g
£ 8036.00 0.6 —60
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Xcurrcnt (IHA) Xcurrcnt (mA) Xcurrcnt (mA)
= 3036.30 by n ey 1.2} (e) | = Bo s0le () @ 6=—028()(/ma)
% . g ° X Yeurrent+9(2)°
2 0 ‘#’/( 32, 0)
§ 3036.20 —~ .
& <} <
& o < —20 )
g 3036.10
g —40
2 3036.00 . 60
e 0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
}/currcnt (mA) Y'currcnt (mA) }/currcnt (mA)

Fig. 2. Dependence of magnetic field and angle on the other two compensating Helmholtz coil currents. (a) The dependence of microwave resonant
frequencies in linearly polarized ODTs (red circles) and in fully circularly polarized ODTs (black squares) on Xcurrent- (b) The dependence of By (red
circles) in linearly polarized ODTs and the By (black squares) in fully circularly polarized ODTs on Xcyrrent. (¢) The dependence of 0 on Xcyrrent. The
purple squares are experimental data and the solid line is the fitting curve. (d) The dependence of microwave resonant frequencies in linearly polarized
ODTs (green circles) and in fully circularly polarized ODTs (blue squares) on Ycyrrent- (€) The dependence of By (green circles) in linearly polarized
ODTs and the By, (blue squares) in fully circularly polarized ODTs on Yeurrent. (f) The dependence of 6y on Yeurent. The pink circles are experimental
data and the solid line is the fitting curve. The data points in these figures are averaged over 50 experimental runs.

(3) Error introduced by the technical limitations The
currents of the three pairs of Helmholtz coils are actively
locked by proportional integral and differential controllers
with precise resistors (RS: VPR221T) which serve as feedback
sensors. We monitor the current feedback loop that the current
drifts by ~ 1%o. The contributions of By and B, to the fluctua-
tion of Bey are cos(90° — 0) x AB, and cos(90° — 0) x AB,,
which are orders of magnitude smaller than the measurement
error and nearly negligible. However, the contribution of Bl,g
to the fluctuation of Bex; is cos(6) X AByj,s, which is not neg-
ligible. Thus these parameters introduce the fluctuation of the
cos(60) up to 6%eo.

(4) Fitting error of experimental data The inhomoge-
neous light shift broadening of the microwave spectrum fre-
quency between states |0) and [5s; /5, F = 3, mp = 1) is 1%o,
which is linear with Zeeman shift gpugmp B. Thus the fit-
ting errors of the By and By are 1%o and the fluctuation of
cos(0) is 6%o. All sources of errors combine to give a ~ 4%
fluctuation of the compensated value of 8, (6,), consistent with
the measurement result.

To further verify the differences between the calibrated
and uncalibrated angles and the calibration accuracy of the
compensating technique, we observe the Rabi oscillations be-
tween [0) and [5s /5, F = 3, mp = 0) states of 85Rb qubits in
both the linearly and circularly polarized ODTs. Rabi oscil-
lations on Zeeman-insensitive transition are recorded at a trap

depth of & x (—10.0 MHz). The B = —0.10(1) (G/MHz) x
U, is about 1.00 G, which is the same order of magnitude
as the By We fit the experimental data in Fig. 3(a) with
P(t) = C[1 — cos(Qrt)]/2, which yields Rabi frequencies
of Qr/(2m) =7.2(1) kHz in a linearly polarized ODT and
Qr/(27w) = 15.9(1) kHz in a circularly polarized ODT be-
fore implementing the compensating magnetic fields. Owing
to the By induced by the circularly polarized trapping laser,
the direction of the quantization axis is different from that in
the linearly polarized ODT. Consequently, the projection value
of the microwave antenna on the quantization axis varies in
ODTs with different polarizations, which leads to inconsistent
Rabi frequencies. In addition, the dephasing of Rabi oscilla-
tion in circularly polarized ODTs is due to the impurity of the
degree of trapping laser polarization, which is caused by the
original angle between the By;,s and the propagating direction
of the light field for trapping neutral atoms. After applying
the compensating magnetic fields of the X- and Y-axis with
Xeurrent = 115 mA and Yeyprene = 32 mA, the Rabi frequency of
the Zeeman-insensitive transition in circularly polarized ODTs
is almost the same as that in linearly polarized ODTs, as veri-
fied by the experimental data in Fig. 3(b); the Rabi frequencies
are 5.4(2) kHz and 5.7(1) kHz, respectively. The maximum
population detected in state |0) is 90(5)% in Fig. 3. This evi-
dent decrement, as observed from 100%, is caused by two rea-
sons. One is that some atoms are lost before the state-selective
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detection due to atoms heating in the ODTs. The other reason
is the imperfect optical pumping process.
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(b) 4 After compensation
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®; (0]
0 200 600 800 1000

Pulse duration (us)

Fig. 3. Rabi oscillations in linearly polarized ODTs (red dots) and circularly
polarized ODTs (black squares) before and after implementing the compen-
sating magnetic fields in the other two directions orthogonal to By, direction.
(a) Before applying the compensating magnetic fields, the relative difference
of Rabi frequencies in linearly and circularly polarized ODTs is 0.377(7) with
0, = 23(4)° and 6, = 9(2)°. In addition, the lifetime of the Rabi oscilla-
tion in linearly polarized ODTs is about 433 us. (b) After the compensation,
the relative difference has been reduced to almost zero with 6, = 0(4)° and
6, = 0(4)°, which also substantially enhances the lifetime of the Rabi oscilla-
tion in linearly polarized ODT to 1464 ps. The data points in this figure are
averaged over 50 experimental runs.

5. Conclusion

In conclusion, we have presented a novel in situ method to
calibrate the angle between the quantization axis and the prop-
agating direction of a tightly-focused trapping laser. With this
method, the projected value of the angle on either of the com-
pensating planes is reduced to 0(4)°, which is very important
for the accurate measurement of hyperpolarizability in magic-
intensity ODTs. Moreover, when the original angle is reduced
to nearly zero, the projected value of the microwave power
on the quantization axis is a constant, which is beneficial to
the coherent manipulation of single qubits in magic-intensity
ODT arrays. Our method can be straightforwardly extended
to other similar precision measurements with trapped neutral
atoms, e.g., cancellation of the angle between circularly polar-
ized Rydberg excitation lasers and the quantization axis.3®!
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